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Abstract  
Within this paper a multiphysical simulation model is presented that is capable for simulating a wide range of laser 
processes like e.g. laser beam welding, brazing, cutting, drilling or ablation. Some important aspects of the model are 
explained more in detail and results from test cases are compared with analytical solutions revealing the high 
accuracy of the model. Finally exemplary results from process simulations on laser beam remote cutting of steel and 
laser beam scribing of silicon wafers are given. 
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1. Introduction   
Numerical process simulations are of great importance both for industry and science. In science 
simulations enable for a thorough process understanding as it is possible to separate different process or 
material parameters in their influence on the processing result. They also enable for a look inside the 
work piece also on very short time scales and thus allow the analysis of processes that can not or only 
hardly be observed by experimental means. In industrial production simulations serve as a tool for 
planning of single production steps or even of whole process chains. Furthermore, simulations are 
important for the development of new production means like new machining tools. 
Due to the complexity of laser processes, where a variety of different physical phenomena are coupled 
with each other, their simulation remains a difficult task despite of strong efforts of scientists in the past. 
Thus contrary to other technologies, like e.g. forming, simulations for laser material processing are not 
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yet state of the art. To reduce this complexity in state of the art models most of these phenomena are 
regarded as decoupled or they are even neglected. Thus these models are only capable to analyze certain 
effects of the processing like e.g. thermal distortion or residual stresses.  
In the following a fully coupled multi-physical model that allows the simulation of a wide range of 
laser processes will be presented. This model enables for the simulation of process dynamics, for example 
during laser beam welding including keyhole oscillations or melt pool respectively vapor flows. 
Furthermore it will be shown that it is possible to include thermo-mechanical effect like heat induced 
distortion into the model. 
2. Simulation Model 
The simulation model is based on the open source software package OpenFOAM. This software 
package is mainly purposed for the simulation of fluid dynamical phenomena and is based on the Finite 
Volume approach to solve systems of coupled partial differential equations. To simulate laser material 
processes like laser deep penetration welding many coupled physical effects have to be considered.  
Namely the propagation of the laser beam to the work piece, the interaction of the laser beam with the 
material (absorption, reflection etc.), conductive respectively convective heat conduction and the fluid 
flow in the melt and the surrounding medium are already implemented in the model. Furthermore phase 
transitions from solid to liquid and from liquid to vapor are taken into consideration. The free surface of 
the material is computed by means of a volume of fluid (VOF) [1] approach already included in 
OpenFOAM®. To reduce the calculation effort automatic adaptive time step control and adaptive 
remeshing strategies are incorporated. 
2.1. Beam Propagation 
For the analysis of the beam propagation e.g. within a laser induced keyhole during laser beam 
welding we start with a given intensity distribution of the laser beam similar to [2, 3]. Gaussian and top 
hat intensity distributions are already implemented but any other intensity distribution can be simulated as 
well. From this we determine an initial ray distribution consisting of typically a few thousand partial rays 
discretizing the laser beam. For each of these rays its propagation to the work piece is calculated to 
determine both the energy absorption and a new reflected ray. The absorption and the reflection 
coefficients of each of the partial rays that depend on the angle of incidence, the polarization and the 
wavelength are calculated by the well known Fresnel equations. This way each ray is casted through the 
calculation domain until it either leaves the latter or its power is less then a certain threshold value. 
Typically we get up to 15 reflections of a single ray for example within a deep keyhole when simulating 
deep penetration welding. Taking into consideration that we start with a few thousand partial rays this 
leads to 104 to 105 search operation. To keep the related calculation effort within an acceptable range we 
developed a computational algorithm that is based on an octal tree representation of the mesh allowing for 
an efficient and fast determination of the rays’ intersection with the work piece surface.   
2.2. Heat Transfer 
Solving the heat equation for computing the convective and conductive heat transfer and deriving the 
temperature field is a standard problem for numerical simulations. Most challenging in this context is the 
incorporation of the latent heats during phase transitions like melting respectively solidification, 
evaporation and condensation or even ionization. For our model an approach quite similar to the method 
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proposed in [4] has been developed, where latent heats are iteratively corrected during solving the heat 
equation. The basic heat equation taking into account both convective and conductive heat transport is 
given by 
 
 
For iteratively solving this equation with regard to the total enthalpy H we start with neglecting the 
latent heat L of the phase changes. From the result we estimate the latent heat and solve the differential 
equation again. This leads again to a corrected value for the latent heat. These calculation steps are 
repeated until the difference of the result of two subsequent calculation steps is less than a certain 
threshold. In our implementation convergence is typically reached after 5 to 10 iteration steps if phase 
changes are included. The source term Q represents the heat input due to the laser beam that is calculated 
from the above described beam propagation module. From the acquired solution for H the final 
temperature field and the contained latent heat can be derived.  
To verify this approach we compared simulation results with the analytical solution of the two phase 
Stefan problem, see fig. 1. The analytical solution describes the movement of the melting respectively 
solidification front in a 1-dimensional semi-infinite slab. A more detailed description of the analytical 
solution can be found in [5, 6].  The numerical test geometry was a rectangular slab with the dimensions 
of 0.1 x 0.1 x 10 mm. The applied parameters are given in table 1. 
Table 1. Parameters of the two phase Stefan problem both for the analytical and numerical solution 
Physical property symbol unit value 
Density  kg/m
3 7000 
Specific heat   J/(kg K) 450 
Thermal conductivity   W/(m K) 25 
Melting temperature   K 1808 
Heat of fusion Hm J/kg 247112 
 
The explicit solution of a semi-infinite slab is derived for constant temperatures imposed on the front 
and the infinite distant end of the slab. It is assumed that the thermal constants are not temperature 
dependent.  The heat equation in molten region can be given as: 
 
X(t) is the position of phase front The indices L and S indicates the liquid and the solid phase. The heat 
equation in the solid region is:
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Fig. 1. Analytically and numerically calculated position of the phase fronts for melting and freezing 
The temperature at the phase front is TM: 
. 
The Stefan condition at the phase front is: 
 
X(t)- is limit of the phase front X(t) in the liquid region and X(t)+ is limit of the phase front X(t) in the 
solid region. The initial conditions for the temperature and the phase front position are: 
 
The boundary conditions for the temperature are:
 
 
The detailed derivation of the solution for this system of coupled differential equations is given in 
[5,6].  The derived position of the phase front is: 
 
St can be calculated by solving
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with the Stefan numbers  
 
  
Fig. 2. Simulation of a liquid droplet falling on a solid surface and wetting it: comparison of simulation results with theoretical 
values according to Young’s formula 
 
The functions erf(x) and erfc(x) are the error function and the complementary error function. In fig. 1 
the simulation results are compared with the analytical solutions. The accuracy of the phase front 
capturing of the numerical solution is limited by the size of the 
used dynamic meshing allows a problem appropriate accuracy leading to a nearly exact match of 
numerical and analytical results.  
2.3. Fluid-Dynamics  
The velocity of the incorporated fluids is calculated by means of solving the Navier-Stokes equation. If 
material is vaporized it expands into the surrounding medium and the recoil pressure deforms the surface 
of the molten material. The calculated latent heat of evaporation in combination with the evaporation 
velocity which is assumed to be the speed of sound is used to calculate the mass flow due to evaporation 
and thus the corresponding recoil pressure. The mass flow is then used as a source term in the Navier-
Stokes equation which is solved with standard methods. Of course both mass conservation and energy 
transport due to evaporation at the interface are taken into consideration by respectively implemented 
source and sink terms both in the heat equation and the volume of fluid phase equation. 
Handling surface tension and wetting phenomena at mixed solid and fluid surfaces is a difficult task. 
Most commercial systems for solving fluid dynamical problems calculate surface tension by means of 
analyzing the curvature of the surface and handling surface forces as radial forces acting perpendicular on 
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the surface. Actually surface tension acts tangentially on the surface trying to minimize the surface energy 
of the whole system. On curved surfaces the resulting tangential stresses lead to the already mentioned 
radial forces. Wetting phenomena at solid surfaces cannot be described this way. Thus we implemented 
an approach known from literature [7] that enables us to calculate both radial surface forces and wetting 
phenomena with one common theoretical approach. 
Fig. 2 shows from top to down four different results from such calculations, where we start with a 
liquid droplet that falls down onto a solid surface. The simulations only differ by the surface tension 
coefficient of the solid surface leading to different wetting phenomena. The final wetting angles can be 
predicted theoretically by Young’s equation. Our simulation results correspond very well with these 
theoretical values proving that at least the ratio of the surface energies involved is calculated correctly. To 
furthermore validate on absolute values we will have to analyze the time dependent dynamical behavior 
of the droplets compared from experiments and simulations. However the calculated dynamic behavior of 
the droplets seems very reasonable. 
Up to now both the work piece material and the surrounding medium are handled as incompressible. 
This is reasonable as long as the flow velocity is below about one half of the speed of sound. As this limit 
is exceeded in the vapor if processing with high laser intensities, the implementation of a model for mixed 
compressible and incompressible flows is planned. 
2.4. Thermo-Mechanics 
Heating and cooling of the material during laser material processing leads to heat induced volume 
changes resulting in distortion and residual stresses. To take these phenomena into consideration one has 
to implement thermo-mechanics including suitable e.g. elasto-plastic material laws into the model. As a 
first step towards a full description of the thermo-mechanic behavior of the solid phase of the work piece 
we started with a quite simple material law for linear elastic stresses showing the feasibility of such an 
approach coupling fluid dynamics and solid mechanics. The implemented mathematics are described 
more in detail in [8]. Fig. 3 shows as a first result the temperature of the liquid phase and the deformation 
of the solid phase in x-direction (left) and z-direction (right) at a quite early state of a laser beam weld. 
From the left picture one clearly recognizes that the material mainly moves away from the weld seam. 
However directly beneath the seam the material moves towards the seam leading to a reduction of the 
seam width. This effect may lead to a severe perturbation of the welding process especially for parameters 
that lead to a very long and narrow melt pool. It is assumed that e.g. the onset of humping at high welding 
velocities is directly connected to this effect.  
 
 
 
 
 
 
 
 
Fig. 3.  Result from a coupled thermo-mechanic and fluid-dynamic calculation: material movement in x-direction (left) and z-
direction (right). Dimensions of the workpiece: thickness is 0.5mm, width is 3mm and length is 10mm. The process 
L 0 0   
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3. Exemplary simulation results  
In principle the presented simulation model is capable for dealing with any kind of laser material 
processing that is governed by the physics already implemented. Namely one can simulate 
 laser beam welding 
 laser beam brazing 
 laser beam drilling and ablation with laser pulses > 1 ns 
 laser beam cutting 
without modifying the model, only by means of adapting boundary conditions and defining appropriate 
laser parameters [9, 10]. As result of the simulations it is possible to trace the laser induced melt and 
vapor flow allowing us to thoroughly investigate the process dynamics. This again allows the 
identification of reasons for processing failures like e.g. holes in a weld seam. With some minor 
modification concerning the beam propagation and the absorption mechanisms the model has also been 
used for the simulation of electron beam material processing. 
In the following examples of simulation results for laser remote cutting of steel and laser beam 
scribing of silicon wafers are given. 
3.1. Laser Remote Cutting 
Laser remote cutting is an emerging technique with a high potential for the cutting of thin metal sheets 
on the industry. The use of high quality beams and scanner optics allows for working from a long distance 
and for reaching scanning speeds of several hundreds of m/min [11]. A characteristic of this cutting 
method is that no process gas is required, thus the material is removed partially by vaporization and 
partially by expulsion of the melt at the cutting front. The efficiency given by high-speed processing and 
absence of gas assistance make it very attractive for the large scale production. Nowadays these processes 
are still under investigation. Although there are some commercial systems working for the industry, the 
main problem to face up is the search for optimal process parameters. In this scope we simulated the 
processes of front pressure cutting and ablation cutting of thin steel sheets in order to support the 
optimization of the cutting parameters. 
3.1.1. Laser Front Pressure Cutting 
 
In front pressure cutting the molten material must be expulsed by the pressure created at the cutting 
front due to evaporation. The limits of this process were studied by means of computational simulations 
in order to find the critical values of some parameters determining the beginning of the cutting window. 
In fig. 4 one of these simulations is shown. From the temperature field it can be deduced that a 
considerable portion of the material is being vaporized at the cutting front. This vaporization causes the 
high pressure that helps to remove the material out from the edges and the front of the cutting gap. In the 
presented case the pressure at the cutting front is not high enough to expulse the material completely out 
of the cutting gap. Therefore molten steel accumulates at the back of the cutting gap. The geometry of the 
cutting gap is similar to a strongly elongated keyhole. Reducing the focus 
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Fig. 4.  Simulation of front pressure cutting. The picture reveals the direction of the pressure-driven expulsion of vapor and molten 
material. L 0 m/min, sheet thickness 0.5 mm 
The simulations can also be used to explain the cause for typical cutting defects. Experimentally it had 
been found that for certain process parameter combinations imperfections in the cutting walls and 
interruptions of the cutting gap occur. The simulation of the process showed that the strong backflow of 
the molten metal along the cutting edge causes accumulation of the molten metal, which quickly solidifies 
and tends to build bridges between the cutting edges. This cutting defect is thus caused by an insufficient 
pressure gradient at the cutting front due to impropriate cutting parameters. 
3.1.2. Laser Remote Ablation Cutting 
 
Laser ablation cutting is a multi-pass cutting process in which the material is partially removed in 
every pass. The high intensity of the process makes it appropriate for the cutting of thin coated sheets 
when the damage of the coat must be avoided as much as possible. From the industrial point of view the 
achievement of a high productivity ratio is of great importance for increasing the efficiency. Although the 
process speeds are very elevated, usually the more passes needed for obtaining a clean cut the longer the 
process takes. In order to support the search for optimal process parameters the process was simulated for 
different conditions. Fig. 5 m 
focus radius and 40 m/s feed rate. For this simul pass was obtained. 
Further simulations showed higher ablation ratios around 140- pass with 10 kW. The presence 
of a continuous pressure-driven backflow along the cutting edges shows certain similarities with the front 
pressure cutting. 
 
Fig. 5.  Evolution of a laser ablation cutting process with multiple passes showed at different stages. Laser power 5 kW, focus 
 40 m/s, sheet thickness 0.5 mm 
t=0.013 ms t=0.090 ms t=0.170 ms
t=0.230 ms t=0.310 ms
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3.2. Laser beam scribing of silicon wafers 
Accurate machining of semiconductor materials such as silicon is nowadays of great importance for 
the microelectronics industries. With the use of short pulses UV-lasers a high degree of precision in the 
ablation process can be achieved. This is essential for the scribing process on the substrate as well as for 
the wafer dicing, once the circuits are finished. A direct observation of the process with conventional 
techniques is very difficult due to the small scales and short times involved. In contrast, reproducing the 
process with computational methods proves to be suitable for more exhaustive analysis, especially when a 
deeper insight in the process mechanisms is also required.  
One critical parameter for this process is the energy supplied per pulse, since this parameter determines 
the penetration depth and width of the scanning line. To show the effect of this parameter the process was 
simulated for two different conditions. A multi-pass pulse-line approach with 8 pulses per pass and a 
relative displacement between pulses of 6.67 was used for the simulations. Fig. 6 shows a comparison 
irst 
ca. 12 
higher pulse energy. The penetration depth her ca. 
and the spat m.  
Fig. 6.  Comparison of the ablation result for different pulse energies. The process is done by scanning loops of 8 pulses from left 
to right. The temperature profiles indicate that the next cycle has just begun. a) State of the substrate after 4 passes each 
mesh is also shown here i
 
4. Summary and Future Perspectives 
Building up a model for analyzing dynamics of laser material processing is a challenging task as one 
has to take into account many different physical phenomena that are coupled with each other. Aiming at 
such a model we built up a framework of modules within OpenFOAM® that enables for the simulation of 
thermal and fluid dynamical effects for several laser processes like e.g. laser beam welding, remote 
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cutting or drilling. Further results covering also processes like laser beam welding or laser beam brazing 
are given in [8, 9, 10]. First comparisons between simulation results and experimentally obtained data 
show quite sufficient correlations. Furthermore we simulated quite simple test cases and compared the 
results with analytical solution revealing the high accuracy of e.g. the temperature field calculation 
including phase transitions. 
Though many physical aspects of laser beam material processing like melting and evaporation are 
already implemented within the model, there are still a lot of challenges ahead. One very important task 
especially with respect to industrial applications of the model is the coupling of fluid dynamics with 
thermo-mechanics. First results of such a coupling have been presented showing the feasibility of 
combining thermo-mechanics with a Volume of Fluid approach. Further work on this coupling including 
the integration of elasto-plastic material laws is planned as one of our future development tasks. 
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